One Sentence Summary: We report the electric-field controlled magnetism with emergent topological Hall effect in SrRuO3 by proton evolution.
In transition metal oxides, changing the charge carrier concentration can give rise to exotic electronic and magnetic properties, such as the high temperature superconductivity, colossal magnetoresistance, metal-insulator transition, ferromagnetic to paramagnetic transition, etc.
(1-4) Modifying the crystalline symmetry adds another possibility to engineer the electronic and magnetic states, and the breaking of inversion symmetry in materials can lead to the emergence of ferroelectricity, exotic polar metals (5-7) and magnetic skyrmions (8) (9) (10) (11) (12) (13) (14) (15) (16) . To control the carrier density and inversion symmetry, electrostatic charge modulation methods through dielectrics, ferroelectrics and ionic liquids have been widely employed, demonstrating great reversible tunability of material properties (17) (18) (19) . However, an intrinsic limitation of these electrostatic approaches is that they are only effective for materials with thicknesses of a few nanometers, due to the short screening length of the charge carriers.
On the other hand, electric field induced ionic evolution recently demonstrates a very good tunability of bulk compounds (20) (21) (22) ). Here we demonstrate an efficient and reversible tunability of both the carrier density and the crystalline symmetry within SrRuO3 thick film through ionic liquid gating (ILG) induced protonation. We observe the transition from a ferromagnetic metal to a paramagnetic metal upon protonation, as well as the emergence of a topological Hall effect (THE) due to the breaking of inversion symmetry through the proton concentration gradient.
Perovskite ruthenates have been drawing considerable attention in the last several decades because of their fascinating magnetic and transport properties (23, 24) . Among them, SrRuO3 demonstrates a unique moderately correlated ferromagnetic metallic state, in which the chemical substitution of Ru cation with Rh can lead to electron doping, resulting in a change from a ferromagnetic to a paramagnetic state (4) . More interestingly, a THE emerges in ultrathin SrRuO3 films, which is attributed to the breaking of inversion symmetry by the presence of inequivalent interfaces (14) (15) (16) .
Therefore, the distinct and rich magnetic transition correlated to the carrier density and inversion symmetry makes SrRuO3 a perfect model system to explore the electronic and magnetic phase diagram through electric-field controlled protonation.
Our experiments were performed on high quality epitaxial SrRuO3 films (with thicknesses ranging from 20 to 90 nm) grown on SrTiO3 (001) substrates by pulsed laser deposition (Methods) (25). To explore the tunability of electric-field induced protonation, we first performed an in-situ X-ray diffraction (XRD) measurements during the ILG. A positive voltage was applied to drive the positively charged protons into the film. Figure 1A shows the gate voltage (VG) dependent θ-2θ scans around the SrRuO3 (002) peak, in which the SrRuO3 (002) peak shows no obvious shift with VG up to 1.8 V, while a further increase of VG leads to a clear shift of the peak position to a lower angle (from 45.90° to 44.35°). This result suggests a large out-of-plane lattice expansion up to 3.3% for the SrRuO3 film, which is indeed comparable with our recent result of the pronation induced phase transition from SrCoO2.5 to HxSrCoO2.5 (20) .
Importantly, the crystalline quality of the film remains unchanged throughout ILG as evinced by the reciprocal space mapping, rocking curves, and reflectivity measurements (Fig. S1) . Additionally, the phase transformation shows good reversibility. When the gate voltage is removed, the diffraction peak returns nearly to the original position with a slight offset, and afterwards the phase transformation can be reversibly and reproducibly controlled with the application of positive VG (3.5 V) and zero field (Fig. 1B) . Notably, the structural transformation possesses a threshold gating voltage (Fig. S2 ).
As our film thickness is much larger than the screening length associated with the electrostatic gating, we can readily single out the ionic (H + or O 2-) evolution as the dominant mechanism for the observed structural phase transformations (25-27). To identify the ion responsible for the phase transformation, the secondary-ion mass spectrometry (SIMS) was performed, as shown in Fig. 1C and Fig. S3A . The result shows considerable amounts of hydrogen distributed in the SrRuO3 film associated with a structural phase transformation after being gated at VG = 3.5 V, but not in a pristine sample or in the film that remains in a pristine state after being gated at 1.5 V. On the other hand, the O 18 isotopic calibration measurements (21) suggest that the oxygen ion evolution is negligible for the gated samples (Fig. S3B) . Therefore, we can conclude that the ILG induced structural phase transformation is strongly associated with the ILG induced protonation.
Crucially, the presence of positively charged protons are known to lead to electron doping within the materials (20, 28) . To trace the associated valence state evolution in Ru, we performed in-situ hard X-ray absorption experiments near the Ru K-edge for both pristine and protonated (with a gate voltage of 3.5 V) samples, as shown in Figure   1D , along with two referenced compounds (RuO2 and Ru metal) (29). Clearly, a significant energy shift in the Ru K-edge spectra was observed with respect to that of the pristine state, suggesting the reduction of the Ru valence state due to the electron doping associated with the protonation.
Since the structural phase transformation can be gradually controlled during the ILG, the current study provides a unique opportunity to investigate the evolution of the electronic state of SrRuO3 upon electron doping through protonation. Figure 2A shows the temperature dependent resistivity ρxx(T) for SrRuO3 with different VG during ILG, in which the thin film remains metallic throughout the gating. However, a careful analysis reveals that a kink feature, which is at ~ 160 K (Curie temperature TC) for pristine samples, is gradually suppressed and eventually disappears (inset of Fig. 2A ).
These results suggest a possible suppression of ferromagnetism during the ILG, as the kink feature is a typical characteristic for ferromagnetism in SrRuO3. This magnetic transition can also be observed in the magnetoresistance (MR = ρXX(H)/ρXX(0)-1) measurements, as shown in Figure 2B . As VG increases, the negative MR gradually decreases, and more interestingly, with the gating voltage of 2.5 V, we observed a positive parabolic MR, representing a conventional metallic state, instead of the negative butterfly-like MR seen in the pristine ferromagnetic sample.
To clearly investigate the evolution of the ferromagnetic state in SrRuO3 under ILG induced protonation, we measured the magnetic-field dependent Hall resistivity at different values of VG. The pristine SrRuO3 film exhibits a well-defined hysteresis loop attributed to the anomalous Hall effect (AHE) associated with the ferromagnetic state at low temperatures. As VG increases, the hysteresis loop (at 2 K) is gradually suppressed and eventually turns into a linear response with VG of 2.5 V, as shown in (Fig. S4) .
Undoubtedly, all these observations provide strong evidence that the protonated HxSrRuO3 sample undergoes an exotic ferromagnetic to paramagnetic phase transformation with the protonation induced electron modulation. Furthermore, like the structural transformation, the modulation of ferromagnetic state is reversible when cycling VG (Fig. S5) . The slight suppression of the AHE signal (as well as the magnetization) after removing the gating voltage compared to the pristine samples (Figs. S5 and S6) should be attributed to the proton residual previously observed in the structural modulation and in the SIMS results (Fig. 1B, C) .
To shed more light on the protonation induced structural and magnetic phase transformations, we carried out first-principles calculations. The optimized crystalline structure of HSrRuO3 is shown in the inset of Figure 1A , in which the proton is bonded Previous studies have reported that the broken inversion symmetry through inequivalent interfaces in ultrathin SrRuO3 films can couple with their intrinsic spinorbit coupling to produce a strong Dzyaloshinskii-Moriya (DM) interaction, leading to the emergence of an exotic THE effect (14) (15) (16) . Inspired by these observations, we turned our attention to the novel magnetic states in the intermediate protonated sample.
A careful examination of the data presented in Figure 2C indeed reveals that the AHE result with gating voltages around 1.8 V shows a distinct hump feature (Fig. 4C) , a hallmark for the THE observed in bulk MnSi (9, 10), EuO thin films (13) and SrIrO3/SrRuO3 heterostructures (14-16). Interestingly, the THE effect is tunable with the gating voltage, as shown in Fig. S8 .
To quantitatively evaluate the THE, we estimated the topological Hall resistivity (as shown in Fig. 4C ) by subtracting the AHE signal through linear fitting of the high field data. With this, we can construct a phase diagram for the topological Hall term in the T-H plane (Fig. 4D) , showing that the THE clearly exists in a wide range of the T-H plane. Moreover, although the sign of the AHE component remains unchanged up to 100 K, the corresponding THE component changes sign with the increase of temperature and both positive and negative THE components are identified at certain temperatures (e.g. 10 K), suggesting multiple spin textures with scaler spin chirality are induced at corresponding temperatures. In addition, we confirm that the THE is driven by the magnetization reversal process due to the fact that the peak position of THE (HP) scales nicely with the coercive field HC. We note that in previous studies of ultra-thin SrRuO3 film (~2-3 nm) systems, the THE emerges as the consequence of the enhanced DM interaction as well as reduced ferromagnetism due to the interface effect (14-16).
In our system, the ILG induced large proton compositional gradient at the boundary of the ferromagnetic to paramagnetic phase transition would lead to a larger DM interaction as well as clearly reduced ferromagnetism, and both favor the emergence of THE.
To summarize, using the SrRuO3 films as the model system, we have demonstrated an electric-field controlled reversible magnetic transformation through the protonation evolution. Moreover, the induced proton concentration gradient can naturally break the inversion symmetry, resulting in the emergence of an exotic topological Hall effect.
These results strongly suggest that the electric-field induced protonation opens a new avenue to systematically control the electronic and magnetic phase diagram in strongly correlated complex oxide systems. 
Materials and Methods
Film growth and X-ray diffraction measurements: Epitaxial SrRuO3 films were grown on (001) SrTiO3 and (001) LaAlO3 substrates (only for in-situ XANES measurements) by pulsed laser deposition (KrF, λ = 248 nm). All films were deposited at identical conditions with a substrate temperature of 700 ℃ and an oxygen partial pressure of 100 mTorr. The energy density of laser was fixed at 2 J/cm 2 with a growth rate of 1.7 nm/min. To minimize the oxygen vacancy concentration, samples were postannealed at growth temperature for 15 min and then cooled down to room temperature at a cooling rate of 10 ℃ per minute in an atmosphere of oxygen pressure. For in-situ XRD measurements, Au electrodes were sputtered at edges of films, and a slice of Pt was selected as the gated electrode. Both sample and Pt were placed in a quartz bowl, and then the whole gating device was put on the XRD sample-holder. The covered ionic liquid (IL) was carefully controlled so as to get strong enough diffracted X-ray signal. was used to measure the fluorescence yield. Glancing incidence geometry (e.g. > 4-5 times of the substrate critical angle) was adopted to cover the signal contributed by the whole SrRuO3 film as well as to minimize the elastic scattering background. A Ru metal foil was used as an online check of the monochromator energy calibration. The originally collected XANES spectra were normalized by fitting the pre-edge to zero and the post-edge to 1 using Ifeffit performed by the software Athena.
Soft X-ray absorption spectra and X-ray magnetic circular dichroism measurements: Soft X-ray absorption spectra (XAS) and corresponding X-ray magnetic circular dichroism (XMCD) measurements at Ru M-edge were measured at (lattice constant of SrTiO3), and the out-of-plane lattice constant was allowed to relax.
In both cases, the atomic positions were fully optimized in all the magnetic orders until the change of the total energy is smaller than 10 -5 eV.
Supplementary Text Hydrogen intercalation into the SrRuO3 films during the ILG
Both electrostatic charge accumulation (26) or oxygen ion evolution (27) profile signals are almost identical and negligible for both pristine and gated SrRuO3 films (Fig. S3B) . Therefore, this result indicates the oxygen evolution is not essential either during ILG in our case. Thus, we can conclude that the hydrogen intercalation into SrRuO3 films during ILG operates as the dominated mechanism for the observed crystalline structural phase transformation and reduction of Ru valence state across the whole film. With this, we can assign the chemical formula for the new protonated phase as HxSrRuO3. In order to trace the origin of the hydrogen in the HxSrRuO3, we doped the employed ionic liquid with heavy water (D2O). Consequently, significant deuterium (D) signal was observed in the gated SrRuO3 film (Fig. S3A) , which provides solid evidence to attribute the origin of hydrogen in the gated SrRuO3 films to the water residual (typically around several hundred ppm) inside the ionic liquid (20, 28) .
Topological Hall effect in hydrogenated SrRuO3
With the observation of THE, we would expect the emergence of a nontrivial magnetic skyrmion spin texture in protonated SrRuO3. In the skyrmion systems, the magnitude of the topological hall resistivity is related to the emergent magnetic field derived from the real-space Berry phase. Therefore, we can roughly estimate the skyrmion density with the calculated fictitious magnetic field. A single skyrmion can be regarded as a flux quantum. Hence, the topological Hall resistivity ( ) induced by skyrmion can be expressed by the formula (14) = 0 ϕ 0 , where P denotes the spin polarization in SrRuO3, R0 is the ordinary Hall coefficient, is skyrmion density and ϕ 0 = ℎ/ is the magnetic flux quantum. Based on tunneling MR measurement in a SrRuO3 junction, the SrRuO3 spin polarization was reported around -9.5% (38) . Using the maximum estimated topological Hall resistivity (around 0.03 μΩ-cm, Fig. 4C ), the skyrmion density can be deduced around 2.6 × 10 15 /m 2 . In this case, the estimated skyrmion size is −1/2~ 20 nm, which is reasonable compared with the typical DM interaction induced skyrmion size (range from 5 nm to 100 nm) in other system (12) .
We note that since the film was totally immerged into the IL, we are not able to directly probe the skyrmion by the well-employed magnetic force microscopy or Lorentz transmission electron microscopy methods. While in our gated sample, although the majority portion of proton is released from the film along with the structural relaxation, there is still large amount of proton concentration at the top surface, which can nicely explain the suppressed XMCD signal as the consequence of the reduced magnetism in the protonated SrRuO3. 
